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Abstract 
Fuels to be used in Accelerator Driven Systems dedicated to Minor Actinides transmutation can be 
described as highly innovative in comparison with those used in critical cores. Indeed, ADS fuels are 
not fertile, so as to improve the transmutation performance and they contain high volumetric 
concentrations (~50%) of minor actinides and plutonium compounds. This unusual fuel composition 
results in high gamma and neutron emissions during its fabrication, as well as degraded performances 
under irradiation. Ceramic-Ceramic and Ceramic Metallic composite fuels consisting of particles of 
(Pu,MA)O2 phases dispersed in a magnesia or molybdenum matrix were investigated within the 
European Research programme for Transmutation, as driver fuels for a prospective 400MWth 
transmuter: the European Facility for Industrial Transmutation. Fuel performances and safety of 
preliminary core designs were evaluated to support the project. Out -of-pile as well as in-pile 
experiments were carried out to gain essential knowledge on properties and behaviour under irradiation 
of these types of fuel. This paper gives an overview of experimental results within the project.  
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1. Introduction  
The work performed on fuel developments under the EUROTRANS European project umbrella [1] 
consists of design, development and qualification in representative conditions of promising U-free 
oxide fuel concepts for the 400 MWth European Facility for Industrial Transmutation. Outcomes deal 
with recommendations about fuel designs and performances. Hence, fuel performances and safety of 
EFIT preliminary core designs loaded with Ceramic-Ceramic as well as Ceramic Metallic fuels have 
been evaluated. In-pile and out-of-pile experiments have been carried out to gain knowledge on 
fabrication, properties and behaviour under irradiation of these challenging fuel concepts. The current 
paper gives an overview of experimental results gained within the project after that EFIT specification 
and fuel considerations are described.  
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2. EFIT specification and fuel considerations  
The EFIT machine intended to be operational around 2040, is a pure lead cooled ADS reactor of 400 
MWth dedicated to Minor Actinides transmutation. The reference working hypotheses for its 
conceptual design have been as follows [2]: a proton beam of 800 MeV impinges on a windowless lead 
target providing the neutron source for the sub-critical. The inlet and outlet temperatures of the lead 
coolant in the ADS core are respectively 400 and 480°C. Material for cladding  is a Ferritic-Martensitic 
Steel (FMS) T91. The assumed plutonium and Minor Actinides isotopic compositions come from a 
mixture of 45GWd/ton spent UO2 and MOX fuels in a 90/10 ratio [3].   
EFIT designs have been performed with the objective of a maximum transmutation rate of 42 kg 
MA/TWhth with a zero net balance of Pu as well as assuring a flat power distribution, a low reactivity 
swing, a low core pressure drop and safety requirements. Primary candidates consist of (Pu,MA)O2-x  
particles dispersed in inert matrices made of magnesia or molybdenum enriched in 92Mo (to decrease 
Mo neutronic penalties as well as to prevent the production of the long-lived 99Tc by neutron capture in 
98Mo). MA/Pu atomic ratio of these fuels typically ranges from 54/46 to 65/35 according to cores 
designed whereas the matrix volumetric fraction is about 50% [4].   
The high TRU concentrations of EFIT fuels result in very high gamma and neutron emissions at 
fabrication and handling steps as well as new features of behaviour under irradiation compared to 
standard fuels, with in particular a very significant helium production during irradiation. Moreover, Pb -
coolant, T91 core components and ADS technology bring other constraints. As experimental data on 
these innovative fuels were sparse at the beginning of the project, in-pile experiments and out-of-pile 
measurements of thermal properties and compatibility tests between: matrix/TRU compounds, 
fuels/Pb, fuels/T91 and fuel components/T91, have been performed within the project.  
3. Irradiation tests  
Even if behaviour under irradiation of TRU-fuel is quite unknown, results of Post-Irradiation 
Examination (PIE) on irradiated targets with a few percent of americium have already emphasized the 
major roles played by irradiation conditions  (including temperature), helium production and material 
swelling due to structure modifications, amorphization, helium accumulation… [5]. To go further, 3 
irradiation tests have been performed on oxide fuels to investigate: 
 irradiation effects in EFIT representative conditions with FUTURIX-FTA test [6] in the 
PHENIX reactor;  
 helium behaviour versus temperature and microstructure with HELIOS test in the HFR reactor 
[7];  
 helium build-up and release mechanisms versus temperature in 10B (as Am surrogate) doped 
fuel matrices with BODEX test [8] in HFR reactor.  
Compositions of pellets tested within FUTURIX-FTA and HELIOS experiments are given in Table 1. 
FUTURIX-FTA compositions specifically address ADS type fuels. HELIOS compositions range from 
ADS type fuels to transmutation targets, in order to link and thus to benefit of the experience gained 
within EFFTRA-T4 and -T4bis tests [9,10] for ADS fuel (and targets) developments. The Am content 
ranges from 0.2 to 1.9g.cm-3 in FUTURIX-FTA samples whereas it is about 0.7g.cm-3in HELIOS 
samples.   
Table 1. Fuel compositions for FUTURIX-FTA and HELIOS tests  
 
 
FUTURIX-FTA  
Pu0.80Am0.20O2-x + 86 vol%Mo 
Pu0.23Am0.24 Zr0.53O2-x + 60 vol%Mo 
Pu0.5Am0.5O1.88 + 80 vol%MgO 
Pu0.2Am0.8O1.73 +75 vol%MgO 
 
 
HELIOS  
 
Am2Zr2O7 + 80 vol%MgO 
Zr0.80Y0.13Am0.07O2-x 
Pu0.04Am0.07Zr0.76Y0.13O2-x 
Am0.22Zr0.67Y0.11O2-x + 71 vol%Mo 
Pu0.80Am0.20O2-x + 84 vol%Mo 
F. Delage et al. / Energy Procedia 7 (2011) 303–313 305
These highly radioactive materials were fabricated at lab-scale in two steps. Am-particles were firstly 
synthesized using two processes: an oxalic co-precipitation route for CERCER compounds [11], and a 
combination of external gelation and infiltration methods for CERMET and homogeneous 
compositions [12]. The following steps are based on conventional powder metallurgy and were similar 
for all compositions except HELIOS CERCER fuel, whose porosity was tailored to remain open in 
order to allow helium to escape.  
FUTURIX-FTA irradiation test is currently complete with an irradiation time of 235 EFPD and 
cumulative neutron fluence of respectively ~1.0x1023 n.cm-2 and ~1.4x1023 n.cm-2 for CERCER and 
CERMET capsules.  HELIOS irradiation occurred between April 29, 2009 and February 19, 2010.  
Dealing with BODEX test, the experiment has been designed to investigate He-induced swelling 
behaviour of inert matrices using 10B as Am surrogate. Indeed, 10B can produce under irradiation a 
large amount of helium in a short period of time due to the large cross-section for the 10B(n,α)7Li 
reaction. Thus, 10B- as well as 11B-doped pellets and blank samples (without B) were fabricated in 
order to discriminate the effects related to helium production (10B-doped samples) from irradiation 
(blank samples) and chemical (11B-doped samples) ones. The boron compounds mixed with MgO, Mo 
and Yttrium –stabilized ZrO2 (YSZ) - as a backup candidate matrix - are Mg3B2O6, Mo2B and ZrB2, 
respectively. The boron content is about 1wt % in order to have a similar helium produc tion (~0.3-0.4 
mmol) after two HFR irradiation cycles (57 EFPD) than in HELIOS (or EFFTRA-T4) irradiation test. 
Density of BODEX samples are quite similar to HELIOS ones (>90%) except for MgO pellets whose 
porosity is high (18-24%) and totally open. The irradiation test has been performed at two 
temperatures: ~1073K and ~1473K. The experiment has included neutron fluence detectors in all 
capsules and on-line pressure and temperature monitoring for capsules with MgO and Mo pellets, 
heated at 1473K.   
Helium release in gas lines and capsule punctures have been compared to the calculated amounts 
produced in 10B-doped pellets during the irradiation (see Table 2).  
Helium release is 3 to 4 times lower for Mo compared to ZrO2 (and MgO), whereas ZrO2 and Mo 
density as well as open porosity before irradiation of are quite similar (respectively d>90% and 
PO~3±1).   
Visual inspections (see figure 2) point out that non-doped samples (as well as 11B-doped samples not 
shown in the figure) remain intact after irradiation. On the other hand, 10B doped Mo samples have 
developed cracks during irradiation at both 800 and 1200°C whereas 10B doped MgO and YSZ samples 
have not, even if these latter samples have been significantly embrittlened by the neutron flux.  
Swelling and open porosity changes have been assessed by dimensional measurements and helium 
pycnometry respectively. Regarding Mo, swelling is clearly linked with 10B presence and temperature 
range (see figure 2): Mo and 11B-doped Mo show a global stability under irradiation even if some small 
changes have been measured on height (decrease) and diameter (increase) of the pellets underlining a 
slight anisotropy; on the other hand, 10B-doped samples are subject to volumetric changes that range 
from about 2% at 800°C to 9% at 1200°C.  
Table 2. Helium release in capsules  
 
References  
 
10B burn-up (%)  
 
He produced (mmol)  
 
He release 
(%)  
 
Measuringmethod 
 
Mo-800  
Mo-1200 
65.8 
62.1 
0.277 
0.261 
N/A  
9±1 
-  
online 
MgO-800  
MgO-1200 
70 
63 
0.323 
0.296 
32±3  
35±3 
puncturing 
online 
YSZ-800  
YSZ-1200 
68.4 
58.6 
0.3 
0.256 
N/A  
26.7±3 
-  
puncturing 
 
Regarding open porosity evolution during irradiation in Mo-samples, helium pycnometry 
measurements (see figure 3) show that open porosity of non 10B-doped samples decreases at both 
temperatures. Open porosity remains constant for 10B-doped samples irradiated at 800°C whereas it 
increases significantly in 10B-doped samples irradiated at 1200°C; this latter fact being mostly linked to 
the cracks pointed out at the visual inspection step.  
For MgO samples, swelling of 10B-doped pellets after irradiation at 800°C (8±4) is larger compared to 
that after irradiation at 1200°C (3±1.5) - see figure 4 - and a pronounced spread is observed too.  
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 Temperature Samples without Boron 10B doped samples 
Mo 800°C Before  
irradiation         After irradiation 
 
 
Before  
irradiation         After irradiation  
 
 
1200°C Before  
irradiation         After irradiation 
 
Before  
irradiation         After irradiation 
 
MgO 1200°C Before  
irradiation         After irradiation 
 
 
Before  
irradiation         After irradiation 
 
 
YSZ  
 
1200°C  Before  
irradiation         After irradiation 
 
Before  
irradiation         After irradiation 
 
Fig.1.Visual inspection of Mo, MgO and YSZ samples before and after irradiation [8]. 
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Significant axial and radial deformations have been measured in both irradiation temperature cases. 
Non 10B-doped samples show a good stability under irradiation except for the pure MgO sample 
irradiated at 1200°C which maybe re-sintered.  
Open porosity measurements in MgO-samples (see figure 5) show unimportant changes after 
irradiation at 1200°C except for pure MgO pellet whose porosity has mostly closed.  Regarding 10B-
doped samples irradiated at 800°C, open porosity is significantly higher than that of both pellets before 
irradiation and high temperature irradiated pellets.  
As regards YSZ samples, all show a limited swelling after irradiation at 800 and 1200°C, with 
respectively volumetric average increases for 10B doped samples of 1.2±0.2% and 4.1±0.7% (see 
figure 6). Blank samples show a very high stability under irradiation at both temperatures. Open 
porosity (see figure 7) has increased except for the 800°C irradiated blank sample and the 1200°C 
irradiated 11B doped sample. The increase range is higher in all (concerned) pellets at 800°C.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig.2. Molybdenum swelling [8]                                                      Fig.3.Open porosity in Mo samples before and after [8] 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4.MgO swelling [8]                                                           Fig.5.Open porosity in MgO samples before and after irradiat
[8] 
Even if microscopy and helium desorption measurements are still going -on, BODEX results have 
provided major results (summarized in table 3) on helium behaviour in fuel matrix candidates: swelling 
range is satisfactory in all cases even if open porosity hasn’t been tailored for Mo and YSZ.  
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4. Out-of-pile measurements  
Out-of pile measurements have aimed at increasing knowledge on the fuel thermal, mechanical and 
physical-chemical properties in order improve the databases with relevant and accurate data for the fuel 
design, fuel performance and safety modelling. Many res ults have been gained. Some specific points 
are highlighted hereafter.  
Thermal conductivity of FUTURIX-FTA and HELIOS samples has been calculated from 
measurements of the thermal diffusivity by the laser flash technique and of the heat capacity by 
differential scanning calorimetry. They highlight a significant drop at high temperatures (T>1500K) for 
CERCER fuels, which was not predicted by calculations based on phase mixing models (Figure 8).  
   
        
 
 
 
 
 
        
 
 
 
 
 
 
Figure 6: YSZ swelling [8]. Figure 7: Open porosity in YSZ samples 
before and after irradiation [8]. 
 
Table 310B matrix irradiation behaviour overview 
 
Vaporization and melting temperature measurements made on CERMET and CERCER fuels have 
confirmed the higher stability of Mo (>2300K) compared to MgO (T~2130K) under vacuum and 
neutral atmosphere, for closed and open systems. Volatilization species and temp erature ranges have 
been made clear too. In case of a MgO-CERCER fuel (see Figure 9), MgO vaporization according to 
the reaction: MgO(s)=Mg(g)+1/2O2(g), that begins at 1750-1800K, becomes significant above 
~2130K. Regarding TRU species, Am species are already detectable at 1800K but amounts are 
significant above 2200K. The main gaseous species is AmO2 up to 2200K (as AmO(g) signal is slightly 
weaker and comes in part from electron fragmentation of AmO2). Above 2100K, the oxygen pressure is 
no longer sufficient to stabilize AmO2 and the oxide progressively reduces to AmO(g) whereas Am(g) 
signal becomes detectable. Finally, PuOx(g) is recorded above 2000K: PuO2(g) and PuO(g) signals 
remain very close up to 2500K, which is the characteristics of a stoichiometric PuO2; above 2500K, the 
PuO2(g) signal decreases more quickly than PuO(g), indicating oxide reduction.  
Chemical compatibility tests have been made between fuel components: TRU oxides (PuO2, AmO2-x, 
Pu0.5Am0.5O2-x) and inert matrices (MgO, Mo) at 1300 and 1800K under different atmospheres (air, Ar, 
Ar/H2) [13]. The results are summarized in Table 4. Under any of the atmospheres used, no interaction 
is clearly observed between AmO2 / PuO2 and MgO / Mo whereas for both tests involving AmO2 under  
Sample reference  10B  
burnup 
Open Porosity  He release Swelling(%)  Visual 
inspection 
 BOI        EOI 
Mo-800  65.8%  2.4%  2.3%  N/A  2  cracks  
Mo-1200  62.1%  2.5%  4.6%  9%  9  
MgO-800 70.0%  21.3%  27.1%  32%  8  brittle  
MgO-1200 63.0%  22.7%  24.7%  35%  3  
YSZ-800  68.4%  4.0%  7.6%  N/A  1.2  
YSZ-1200 58.6%  3.5%  5.1%  27%  4.1  
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argon, undetermined peaks are observed, revealing a difference between Am and Pu. Therefore, 
stability of Am0.5Pu0.5O2-x solid solution with MgO and Mo under any atmosphere has been pointed out. 
Comparing tests involving pure actinide oxides and solid-solution, the results are as follows: tests 
involving PuO2 and Am0.5Pu0.5O2-x lead to cubic structures except for the experiment Am0.5Pu0.5O2-x - 
Mo under Ar/H2, where the structure symmetry remains undetermined. On the contrary, tests involving 
AmO2 exhibit various structures: hexagonal, monoclinic and cubic. Consequently, plutonium governs 
Am0.5Pu0.5O2-xbehaviour in the matrix compatibility experiments. Nevertheless, as a summary, these 
tests displayed that MgO and Mo are good candidates.  
  
 
 
 
 
 
Fig.8.Thermal conductivity of a CERCER fuel.Fig.9.High temperature speciation of components for the FUTURIX-
FTA CERCER fuel Pu0.5Am0.5O2-x + 80 
vol%MgO. 
Chemical compatibility tests between T91 clad and monolithic samples of Mo and MgO have been 
performed too. They have been made under Ar atmosphere, during 100h at 550°C (to simulate inner 
clad temperature in normal operating conditions) as well as 1h at 950°C (temperature range for some 
off normal conditions). Whereas there isn’t any interaction between T91 and Mo (Figure 10) or MgO 
(figure 11) after the 550°C heat treatment, the SEM/EDX analysis points  out to a slight diffusion of Mg 
from MgO sample to the edge of T91 which was in contact with MgO in the 950°C test. T91/Mo 
interface provide evidence of any interactions even at 950°C.  
Pu-Am-O phase diagram which is an essential component in understanding of these so particular fuels 
has been investigated by heat treatment synthesis at 1773K under Ar/5%H2 atmosphere of xAmO2+(1-
x)PuO2 powder blends. The characterization of the reaction products by X-Ray Diffraction has provided 
evidence of structures changes when x ranges from 0.1 to 0.9 (Figure 12). 
Indexation of diffraction patterns (table 5) points out [4] that Am-rich compounds (x≥0.7) belong to 
single phases related to Am2O3 of hexagonal structure; Pu-rich compounds are either monophases or 
multiphases, but always related to cubic structures; intermediate compounds are not related with any 
known structure of Pu-O and Am-O systems.  
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Table.4. Crystallographic phases identified within TRU compounds/matrices compatibility tests  
 Atmosphere  
 Air  Argon  Ar/H2 5%  
PuO2 - MgO PuO2 
MgO 
PuO2 
MgO 
PuO2 
MgO 
AmO2 - MgO AmO2 
MgO 
Am2O3 hexagonal  
Am2O3, AmO2-x cubic  
Undefined peaks?  
MgO 
Am2O3 hexagonal   
& monoclinic  
MgO 
(Pu,Am)O2- 
MgO 
 (Pu,Am)O2-y cubic  
MgO 
(Pu,Am)O2-y  
(Pu,Am)2O3 cubic  
MgO 
 
PuO2 - Mo   PuO2 
Mo  
PuO2-y cubic  
Mo  
AmO2 - Mo   Mo  
Am-Mo-O monoclinic?  
Am2O3 hexagonal  
Mo  
(Pu,Am)O2- Mo   (Pu,Am)O2-y cubic  
Mo  
(Pu,Am)O2-y ? 
Mo  
 
No interaction  Interaction  Test not performed  
 
Table. 5. Crystallographic identification of Pu1-x AmxO1-y compounds (single phase and multiphasic 
systems) 
 
X Structure Cell parameters 
0.1 AnO2-y/F-3m1          a=5.409Å  
0.15 AnO2-y/F-3m1          a=5.424Å  
a=10.982 Å 
0.2 AnO2-y/F-3m1          a=5.427Å  
a=10.984 Å 
0.3 AnO2-y/Ia-3 a=11.006 Å 
0.7  
An2O3/ F63-mmc 
a=3.829 Å  
c=5.983 Å 
0.8 a=3.829 Å  
c=5.988 Å 
0.9 a=3.824 Å  
c=5.989 Å  
5. Conclusion 
Studies on fuel development within the EUROTRANS project, motivated by assessing the industrial 
practicability for actinides transmutation, have provided a wide range of experimental results on oxide 
fuels which have mostly been reviewed in this paper.   
Besides, several cores for the 400MWth EFIT machine have been designed, and optima meeting the 
specification have been found [14]. Preliminary thermo-mechanical calculations of hottest fuel pins 
have given evidence of good performances [15], even if future progresses in gas release phenomena 
understanding remain essential to provide reliability and accuracy to these first results. Safety analyses 
have shown that in both CERCER and CERMET core designs, the most limiting conditions would 
come from the T91 clad and safety limits for fuel are not violated [16] even if the safety margins for the 
CERCER are considerably lower than that of CERMET.  
So, the interest of both MgO-CERCER and enrMo-CERMET is reinforced. The ranking between these 
two primary candidates seems nevertheless premature without the results of PIE of HELIOS and 
FUTURIX-FTA fuels, which are underway within the FP-7 FAIRFUELS program.   
Beyond the expected PIE of HELIOS and FUTURIX-FTA fuels, EFIT fuel qualification will require 
additional developments to demonstrate that the “fuel product fabricated in accordance with a  
F. Delage et al. / Energy Procedia 7 (2011) 303–313 311
 
specification behaves as assumed or described in the applicable licensing safety case, and with the 
reliability necessary for economic operation of the reactor” [17]. So, next steps in ADS fuel R&D 
should include at least achievements on: predictive modelling of fuel behaviour under irradiation, 
fabrication techniques and processes for industrial scale transposition, experiments to improve the fuel 
behaviour understanding in off-normal operating conditions, fuel recycling including: reprocessability 
(hydro & pyro-reprocessing) and secondary waste management, properties measurements on irradiated 
fuels, irradiation tests on ADS fuel reference compositions and designs under nominal conditions of 
flux, temperature and doses.  
 
 
 
 T91/Mo 
550°C 
 
950°C 
 
Fig.10. EDX analyses of T91 interface in contact with Mo. 
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 T91/Mo 
550°C 
 
950°C 
 
Fig.11.EDX analyses of T91 interface in contact with MgO. 
 
 
Fig.12.XRD partial patterns of Pu1-x AmxO1-y compounds 
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